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The integration of physical stress, growth, and development has attracted burgeoning attention in plant 1 7 developmental biology. Plant cells are able to respond to external physical forces in several ways, for 1 8 example by directing cell wall synthesis to the site of increased stress, or by modifying biochemical and 1 9
biophysical processes to regulate cell expansion (Hamant et al., 2008; Heisler et al., 2010 ; Ellinger and 2 0
Voigt, 2014; Kesten et al., 2017) . The ability to perceive mechanical forces is fundamental to all plant mM MgSO 4 , and 10 % sucrose at a pH of 7.5). The solidification of agarose and LOC loading followed 1 0 6 the same procedure as described for lily PTs. Measuring the forces that are involved when pollen tubes are confronted with obstacles 6 grow into parallel microchannels with square cross-sectional areas of 25×25 µm (Fig. 1B) . The 1 1 7
capacitive MEMS sensor offers a high-resolution force-sensing plate of 50×50 µm (Fig. 1C ). The force 1 1 8
plate is placed at the end of the microchannels and acts as an obstacle with integrated force feedback 1 1 9
( Fig. 1D ). The distance between the force plate and the microchannel can be adjusted to form a narrow 1 2 0 gap, mimicking the small cavities in the apoplast between cells along the PT's path to the ovule. Mounted on an inverted microscope, this design permits direct force measurements and high-resolution
imaging to capture the real-time response of PTs when interacting with mechanical obstacles. The ability to sense mechanical stress or forces is crucial for cells to adapt their growth and shape 1 2 5
according to changing environmental conditions. PTs with their fast growth rates and their invasive 1 2 6
behavior must rapidly adapt their growth according to external mechanical stimuli. The interaction of 1 2 7
the growing PTs with physical barriers and the forces generated reveal a tactile perception in lily PTs. In our experiments, the PTs were guided along parallel microchannels to achieve unidirectional growth 1 2 9
and to ensure a perpendicular contact with the force-sensing plate placed at a distance larger than the PT to a force with a mean value of 9.6 µN and a standard deviation of 1.6 µN in lily ( Fig. 2B ii and 2C). After that point, the force remained constant, indicating that the PT stopped growing ( Fig. 2B ii-iii). After a short lag phase (typically a few seconds), the PT resumed growth, which was accompanied by a 1 3 8 change in growth direction, visible as a small bulb perpendicular to the original growth axis ( Fig. 2A iii) . At the last stage, the force remained at a constant level ( Fig. 2B iv) while the PT tip grew along the 1 4 0 force plate ( Fig. 2A iv) . The observed growth arrest indicates that lily PTs can sense physical obstacles and react to this external 1 4 2 mechanical stimulus by adjusting their growth direction in order to avoid obstacles. Since this critical 1 4 3 force threshold marks the moment that the PT perceives and responses to the force, we refer to it as the 1 4 4 perceptive force (Fig. 2C ). Arabidopsis, another model species in plant biology. Therefore, we repeated the experiments using
Arabidopsis PTs to test whether the observed force sensing behavior was general or species-specific. Arabidopsis PTs behave analogously to lily PTs when confronted with a physical barrier. In the case of 1 5 3
Arabidopsis, however, a perceptive force of 3.0 µN with a standard deviation of 0.6 µN was measured 1 5 4 ( Fig. 3C ), which is considerably lower than the one measured for lily PTs. The subsequent change in 1 5 5
growth direction was more prominent in Arabidopsis, leading to a sharp, almost perpendicular bending 1 5 6
after interacting with the force-sensing plate (Fig. 3A iv) . The results of the comparison between lily 1 5 7
and Arabidopsis suggest that force sensing in PTs is a conserved mechanism, which is common to Apart from sensing and reacting to external mechanical obstacles, PTs can exert forces on their 1 6 1 environment. This is crucial for invading cells in surrounding tissue (i.e. stigmatic papillar cells) or 1 6 2 squeezing between transmitting tract cells, and eventually delivering the sperm cells to the ovules. In 1 6 3 our experiment, the force sensing plate was placed close to the exit of the microchannels forming a 1 6 4 narrow gap (smaller than the PT diameter), through which the PT could penetrate (Fig. 4A ). The gap 1 6 5 simulated the path of the PT through the apoplast growing within or between cells, and the penetration 1 6 6 of the ovule through the micropyle and the filiform apparatus. Lily PTs showed a clear sequence of behaviors when squeezing through the artificially created barrier. This sequence consisted of five stages corresponding to initial contact, perception, adaptation, penetration, and emergence. The first two stages ( Fig. 4A i-ii) were equivalent to the interactions protrusion within the gap (Fig. 4A iii) . If the apex was already close to the small opening this phase was 1 7 3 8 very short, but occasionally the PT first bent into several directions until it located a suitable interstice. Once detected, the PT squeezed into the slim lacuna and slightly widened it by the forces it generated 1 7 5 ( Fig. 4A iv) . At last, the PT emerged from the channel and continued to grow while returning to its 1 7 6
original shape (Fig. 4A v) .
The measured force was correlated with the individual phases during the interaction. In the experiment, 1 7 8
we observed that different PTs showed similar force patterns (Fig. 4B ) and a representative schematic force curve is illustrated in Fig. 4C , where the five penetration stages are highlighted. The force sharply 1 8 0 increased after the PT contacted the force plate ( Fig. 4C i) . After perceiving the mechanical obstacle, 1 8 1 the force stopped increasing and formed a small plateau in the force curve ( Fig. 4C ii) . When the PT 1 8 2 adapted its growth direction and sought a way to overcome the barrier, the forces varied around a 1 8 3 constant value (Fig. 4C iii) . With the chasm found, the slope of the force curve increased while the apex remained constant (Fig. 4C v) . The penetrative force, generated at the flank of the PT when squeezing through the gap, was obtained of 29 µN and a standard deviation of 18 µN (Fig. 5A) . The large variation of these values arose due to 1 9 1 dependencies of the measured maximal forces on geometrical factors of the gap and the PT itself. The penetrative force (F p ) is given by the contact area A multiplied with the turgor pressure P at the 1 9 3 time when the PTs emerge from the gap. Since the cell wall that is in contact with the force plate runs 1 9 4 parallel to it, its tension T does not contribute to the measured forces (Fig. 5B) . The width and length of 1 9 5 the gap, as well as the diameter of the PT after emerging can be extracted from the optical recordings. The contact area of the PT with the sensor can be estimated using these values. Assuming that the cell 1 9 7
wall does not expand, we can equate the perimeter U of the apex after emerging with the one during the (1)
The contact area A is then determined by
where d tip is the PT tip diameter, w gap the gap width, l gap the gap length, and w contact the contact width 2 0 3 between the PT and sensor plate (Fig. 5B ).
0 4
The ratio between penetrative force F p and contact area A yields the turgor pressure P (Fig. 5C ) of the 2 0 5
PT when it grows out from the channel according to
A turgor pressure of (0.19 ± 0.09) MPa was derived from our measurements, which is consistent with 2 0 8
the reported values of 0.1 MPa to 0.4 MPa for lily (Benkert et al., 1997) . PT dimensions changed after emerging from the narrow openings. The apex expanded back to its 2 1 0 original round shape after emergence, but with a significantly increased diameter compared to its initial 2 1 1 state (Fig. 5D ). The diameter of the shank, measured at a fixed position in the microchannel, increased 2 1 2 as well. Since cell wall composition in the shank is not modified, this implies an increase in turgor 2 1 3 pressure during this physical interaction (Fig. 5E) . Interestingly, the growth rate of the PTs was smaller 2 1 4 after emerging from the gap than before entering it (Fig. 5F ). We speculate that the cytoskeletal be increased due to the increased diameter of the apical region. The penetrative force depends mainly on the geometry of the gap. An upper bound of these forces is 2 1 9 only given when the gap is too small for the PT to invade or if the gap is too long for the PT to penetrate.
The force is created by the deformation of the PT and the turgor pressure. Additionally, the PT is able to 2 2 1 increase the turgor pressure in order to generate a larger force. interactions between tip growing cells and mechanical barriers, thereby assessing the influence of with the corresponding growth behavior and adaption. Our system is designed to study how PTs perceive mechanical cues and adapt their growth behavior to PTs were able to penetrate through tiny gaps by first anchoring themselves with a small protrusion. The forces of up to 84.9 µN were measured. An estimation of the contact area allowed us to calculate the 2 4 5 pressure the PT exerted on the force plate, which corresponded to the turgor pressure of the PT at the 2 4 6 moment when it emerged from the gap. Hence, the force solely depended on the turgor pressure and the 2 4 7
PT's ability to modify it. The increase in turgor pressure after penetration, observed by an increase in 2 4 8 the diameter of the shank, facilitates the invasion of tissues and cells since larger forces can be 2 4 9
generated.
2 5 0
The design of the LOC facilitates microscopy by confining the PTs to a single focal plane. Hence, 2 5 1 intracellular activities can be investigated during the PT-force sensor interactions, for example by 2 5 2 observing the effects of mechanical stress on physiological parameters using fluorescent biosensor 1 5 
Figure legends

